We report on the demonstration of narrow terahertz plasma wave resonant detection at low temperature in 200 nm gate length InGaAs/ InAlAs multichannel high electron mobility transistors. We observe that the resonant detection linewidth is smaller than in full channel high electron mobility transistors. We interpret this shrinking by the effect of multichannel geometry that does not allow oblique plasma mode propagation along the channel. © 2008 American Institute of Physics. ͓DOI: 10.1063/1.2945286͔ Nonlinearities related to plasma wave excitations in twodimensional electron gas in a nanometer size high electron mobility transistor ͑HEMT͒ were proposed by Dyakonov and Shur as another way to realize selective resonant and voltage tunable terahertz detectors.
We report on the demonstration of narrow terahertz plasma wave resonant detection at low temperature in 200 nm gate length InGaAs/ InAlAs multichannel high electron mobility transistors. We observe that the resonant detection linewidth is smaller than in full channel high electron mobility transistors. We interpret this shrinking by the effect of multichannel geometry that does not allow oblique plasma mode propagation along the channel. © 2008 American Institute of Physics. ͓DOI: 10.1063/1.2945286͔ Nonlinearities related to plasma wave excitations in twodimensional electron gas in a nanometer size high electron mobility transistor ͑HEMT͒ were proposed by Dyakonov and Shur as another way to realize selective resonant and voltage tunable terahertz detectors. 1 The resonant detection of terahertz radiation by two-dimensional plasma waves was demonstrated using GaAs/ AlGaAs field effect transistors ͑FETs͒, 2-4 InAlAs/ InGaAs HEMTs, 5-7 and double quantum well FET ͑Ref. 8͒ at cryogenic 9 and room temperatures. 10 The physical mechanism of detection was described in the work of Dyakonov and Shur. 1 They have shown that even in the absence of the drain current, a FET subjected to electromagnetic radiation can develop a constant drain-source voltage, which can have a resonant dependence on the radiation frequency with maxima at the plasma oscillation frequency. The plasma waves in a FET have a linear dispersion law,
͑1͒
where s is the plasma wave velocity, U 0 = U gs − U th is the gate voltage swing, e is the electronic charge, and m * is the electron effective mass. A FET channel of a given length L acts for these waves as a resonant cavity with the eigenfrequencies given by N = 0 ͑1+2N͒, where N =1,2,3,... is a harmonic number, and fundamental plasma frequency
According to the expression of plasma wave velocity s, 0 can be tuned by changing the gate voltage. For the submicron gate lengths 0 can reach the terahertz range. 12, 13 The resonant linewidth is determined by the electron momentum relaxation rate, 1 / . In the regime where 0 Ͼ 1, the FET operates as a resonant detector. When 0 Ͻ 1, the plasma oscillations are overdamped and the FET response is a smooth function of as well as of the gate voltage U 0 ͑non-resonant broadband detection͒. In any case the dimensionless parameter determining the detector behavior is the quality factor of the resonant cavity . By increasing the carrier lifetime or the frequency one can expect an increase in the quality factor. However, the resonant detection quality factors obtained experimentally up to now were always much smaller than expected. The physical origin of the additional resonant line broadening was not completely clear up to now. Nevertheless, understanding the origin of this broadening and finding a way to decrease it is one of the most important experimental and theoretical ongoing challenges. Two main hypothesis of this additional broadening were under consideration: ͑i͒ the leakage of gated plasmons to ungated transistor regions 14 and ͑ii͒ the oblique plasma mode propagation along the channel. 17 Indeed, in a full transistor channel the gate width is much greater than the gate length. Therefore oblique plasma modes should participate in the induced signal between source and drain and broaden the longitudinal plasma resonances. In that case the full transistor channel serves as a waveguide, rather than a resonator, for plasma waves. A way to strongly reduce the broadening effect of the oblique plasma modes is to consider a multichannel geometry in which the gate width is on the order of the gate length.
In this letter we present the experimental evidence of narrow plasma wave based detection of subterahertz radiation by a 200 nm gate length InGaAs/ InAlAs multichannel high electron mobility transistors ͑MC-HEMTs͒ at cryogenic temperature. We show that because of the multichannel geometry, the obtained resonant quality factor is obviously greater than in full channel devices and in quite good agreement with theory. Therefore, our results clearly indicate that the oblique plasma waves are at least partially responsible for the additional plasma wave resonant line broadening observed in usual HEMTs up to now.
The experiments were performed on pseudomorphic InGaAs/ InAlAs MC-HEMT-like devices. 15 The heterostructure was optimized to have maximum mobility, i.e., highest electron relaxation time, along with high enough electron concentration. Hall measured mobility at liquid nitrogen temperature ͑77 K͒ was found to be about 74 000 cm 2 / V s. The device fabrication process was the following. Isolation mesa masking was performed by e-beam lithography using a negative Hydrogen silsesquioxane ͑HSQ͒ resist and a Leica EBPG5000ϩ machine. HSQ is a high resolution resist allowing few tens of nanometers of resolution; it will serve to define the nanometric dimensions of the device. Then the active layer was etched by reactive ion etching ͑RIE͒ using CH 4 / H 2 / Ar switched with O 2 gases. Plasma etching permits the structure to have a more anisotropic etch profile and so better control of dimensions, which is very important for such small devices. The mesa height was about 700 Å, which means that the mesa floor was about 200 Å deep in the buffer, which is enough for isolation. After that Ohmic contacts, together with access pads, were realized by standard electron beam lithography with copolymer ͑PMMA͒ with PMMA ͑P͑MMA/MAA͒/PMMA͒ bilayer resists followed by Ni/ Ge/ Au/ Ni/ Au metallization. Last step is gate lithography, recess and metallization. After gate lithography in P͑MMA/MAA͒/PMMA bilayer resist, a digital recess 15 was used to selectively remove the InGaAs of the cap layer. Digital recess permits to remove material monolayer by monolayer at each step. The total depth of etching depends only on the number of applied steps. The low rate of this etching allows us also to weakly underetch mesa walls in order to avoid contact between the gate and the pseudomorphic InGaAs channel. This is achieved to reduce gate leakage current. Finally Ti/ Pt/ Au metals were deposited to form a gate Schottky contact.
The final device structure is shown in Fig 1͑a͒. A scanning electron microscope ͑SEM͒ picture showing some channels covered by a gate is presented in Fig. 1͑b͒ . The total channel number in devices is 55. The capped length between channel and Ohmic contact is about 5 m at each side, and the total drain-source Ohmic contact separation is about 11 m. For our measurements, we used devices with channel lengths of L = 400 nm ͑sample A͒ and 160 nm ͑sample B͒. The width of the channels is W = 200 nm and the pitch ͑repetition distance͒ is 500 nm.
Devices were first characterized electrically in the static regime at RT. Output characteristics of sample A for different values of gate voltage ͑from U gs = 0.2 V down to −0.4 V with −0.2 V step͒ are displayed in Fig. 2 . The threshold voltage, extracted from transfer characteristics ͑see inset of Fig.  2͒ is −0.5 V. If we take into account lateral depletion of each channel estimated at 40 nm on each side of the channel, then the effective total device width will be 6.6 m corresponding to 55 channels of W eff = 120 nm each. In this case normalized drain saturation current is about I ds = 600 mA/ mm and the extrinsic transconductance is G m = 1020 mS/ mm.
Terahertz photoresponse measurements have been performed using a closed-cycle helium cryostat with the sample placed behind a polyethylene window transparent to terahertz radiation and with a backward wave oscillator ͑BWO͒, which gives powerful electromagnetic waves at 537 GHz. The BWO output power was around 4 mW. The radiation beam was not focused and the diameter of the spot was approximately 5 cm at the position of the sample. The radiation intensity was modulated by the mechanical chopper at 130 Hz. The source terminal of the device was grounded and the drain terminal was electrically floating, which means that source-drain current was zero. We measured the drain voltage induced by the incoming radiation with a standard lock-in technique. Static characteristics at low temperature ͑LT͒ were also obtained. The difference between RT and LT is not remarkable.
We have measured the photoresponse of two MCHEMTs ͑samples A and B͒. For sample A the measured photodetection signal versus gate voltage is shown in Fig. 3 . The measurement is realized at 10 K and at 537 GHz. One can see four peaks on the nonresonant background of the detection curve. The narrowest one is observed at a gate voltage swing U 0 = U gs − U th = 0.07 V. Its full width at half maximum ͑FWHM͒ is 18 mV, which corresponds to ⌬f = 68 GHz calculated with Eq. ͑1͒. The corresponding quality factor is Q = = f / ⌬f=7.8 Sample B was measured at a frequency of 673 GHz and at 25 K.
To analyze our results we compare MC-HEMTs with a standard HEMT measured previously. 7 In that measurement, the HEMT gate length was 50 nm and the width was 50 m, i.e., much higher than the length. The measurement conditions were similar except the frequency. The measured quality factor at 10 K and 2.5 THz was about Q = 0 = 3, which is much lower that the calculated one. We supposed that this discrepancy could be related to oblique plasma mode propagation in the channel.
To evaluate oblique mode influence on the resonant linewidth we can use electron mobility calculated from electron momentum relaxation time obtained from the measured quality factor. If this mobility is much lower than the theoretical one, then the oblique mode effect is important. In the case of standard HEMT, the quality factor Q = 3 corresponded to a mobility of 14 000 cm 2 / V s, whereas the estimated one by Hall measurement even at 77 K was already around 45 000 cm 2 / V s ͑it is a little lower than in MC-HEMTs because of the slightly optimized epilayer͒. For MC-HEMT the quality factor at 537 GHz is about Q = 0 = 7.8, which gives by extrapolation Q = 36 for the frequency of 2.5 THz. It means that momentum relaxation time in MC-HEMT is about 12 times higher than in conventional HEMT and it corresponds to electron relaxation time of 23 ps, i.e., to mobility of about 180 000 cm 2 / V s. This value is closer to data from literature 16 and to our estimations from LT ͑77 K͒ Hall measurements. This means that the oblique mode effect in MC-HEMT is rather small.
Recently Dyakonov has shown 17 that in the case of a very wide device ͑a standard HEMT͒ a lot of plasma wave modes including oblique ones can exist, creating not one resonant frequency peak but a wide spectrum. This shows that peak widening is not related to low momentum relaxation time but to the coexistence of several oblique plasma wave modes each one with its proper frequency.
In a very simplified case from Ref. 17 we can use the following expression, taking into account the second dimension of plasma wave propagation:
where s is the plasma wave velocity, L x is the channel length, L y is the channel width, and x and y are horizontal axes parallel and perpendicular to electron transport. In our MC-HEMT structures the channel width Ly is of the order of channel length ͑200 nm͒ so the oblique mode effect must be lower or even null, thus leading to a narrow resonant peak.
We can use this expression to qualitatively evaluate our results. In Fig. 4 , which represents a frequency-voltage dependence of detection, we put two detection peaks of sample A and two peaks of sample B. In the same figure we show two theoretical calculations using Eq. ͑3͒ corresponding to sample A and two calculations for sample B. Calculated lines for sample A correspond to modes ͑m =1, n =1͒ and ͑m =2, n =1͒, and for sample B to modes ͑m =1, n =0͒ and ͑m =2, n =1͒. One can see that the results for both samples are in good qualitative agreement with the simulations using Eq. ͑3͒.
In this paper we have proven the presence of oblique modes in conventional plasma wave HEMT based terahertz detectors characterized previously. The main oblique mode effect is widening of detection resonant characteristics, i.e., lowering of the quality factor. We have also shown that the use of MC-HEMT devices in which the channel width is smaller than or similar to the channel length permits us to the reduce the oblique mode effect and hence increase the quality factor of resonant detection. In our case we found the quality factor almost equal to the theoretically calculated one. This work will help in further development of HEMT based plasma wave detectors of terahertz radiation. 
